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STRFSS-STRAIN BEHAVIOR OF TUNGSTEN-FIBER-RFINORCED 

bundles of f i b e r s  t o  t h e  s t r eng th  of ind iv idua l  f i b e r s  has been made i n  r e fe r -  
ence 1. Studies of t h e  e f f e c t s  of defec ts  i n  g l a s s  f i b e r s  and such s t r u c t u r a l  
parameters as length  t o  diameter r a t i o  of f u l l  l ength  and discontinuous f i b e r s  

I COPPER COMPOSITES 

By David L. McDanels, Robert W. Jech, 
and John W. Weeton 

SUMMARY 

An inves t iga t ion  was conducted t o  determine t h e  s t r e s s - s t r a i n  Sehavior and 
t e n s i l e  proper t ies  of me ta l l i c  composites and t o  r e l a t e  them t o  t h e  proper t ies  
of t h e  base mater ia l s .  Room-temperature t e n s i l e  and dynamic modulus tes t s  were 
used t o  determine these  proper t ies .  The composites were reinforced with e i t h e r  
continuous o r  discontinuous f i b e r s .  The t e n s i l e  proper t ies  and s t r e s s - s t r a i n  
behavior of composites re inforced with e i t h e r  type of f i b e r  were s i m i l a r ,  and i n  
both cases t h e  f u l l  s t r eng th  of t h e  f i b e r  w a s  u t i l i z e d .  

Four s tages  of deformation occurred during t h e  t e n s i l e  t es t .  Two l i n e a r  
port ions of t h e  s t r e s s - s t r a i n  curves were observed, primary and secondary; t h e  
slopes of both were a l i n e a r  funct ion of f i b e r  content.  The u l t imate  s t r eng th  
of t h e  composites was a l s o  found t o  be a l i n e a r  funct ion of f i b e r  content. Elon- 
ga t ion  at f r a c t u r e  decreased with increasing f i b e r  content.  This w a s  accounted 
f o r  i n  a postulated f a i l u r e  mechanism i n  which t h e  f i b e r s  break a t  random poin ts  1 

' of weakness and an accumulation of random failures r e su l t ed  i n  f a i l u r e  of t h e  
i composite. 
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of t h e  components of t h e  composite ( r e f .  3 ) .  

Some of t h e  p r inc ip l e s  of reinforcement developed f o r  f ibe r -g l a s s  re inforced  
p l a s t i c s  may be appl icable  t o  me ta l l i c  composites. Research has been done on 
metal-f iber-reinforced me ta l l i c  composites ( r e f s .  4 t o  7 ) ;  however, t h e  purpose 
of t hese  programs was t o  develop s t rong materials r a t h e r  than  t o  inves t iga t e  t h e  
fundamentals of reinforcement. Such materials as s t e e l  wool and kinked and 
crimped f i b e r s  have been used t o  s t rengthen matr ices .  Increases of as much as 
f i v e  times t h e  s t r eng th  of t h e  unreinforced m a t r i x  have been noted f o r  compos- 
i t e s  reinforced with ceramic whiskers (refs. 8 and 9 ) .  Summaries of much of 
t h i s  work have been published i n  references 10 and 11. 

The study of fundamentals of reinforcement of me ta l l i c  systems has been 
l imited.  Reference 1 2  contains  a study of t h e  e f f ec t  of i n t e r f i b e r  spacing and 
i t s  r e l a t i o n  t o  t h e  proper t ies  of composites. The work done at t h e  Lewis Re- 
search Center ( r e f s .  13 t o  15) involved t h e  making and t e s t i n g  of composites 
composed of a f i b e r ,  tungsten, and a matrix, copper, which were insoluble  i n  
each other .  An equation was presented t h a t  showed t h e  r e l a t i o n  between t h e  
u l t imate  t e n s i l e  s t r eng th  of t h e  composites and t h e  s t rengths  and r e l a t i v e  
volume percents  of t h e  components. Not only was t h e  equation v e r i f i e d  experi-  
mentally for composites t ha t  contain f ibers  w h i c h  extend the  full l ength  of t h e  
specimen, but it w a s  a l s o  shown t o  be v a l i d  f o r  composites that contain short  
l ength  or  discontinuous f ibers .  

Since t h e  publ ica t ion  of t h e  preliminary r e s u l t s  ( refs .  13 t o  15), addi- 
t i o n a l  da ta  have been obtained. It i s  t h e  objec t ive  of t h i s  report  t o  present 
t hese  add i t iona l  data as wel l  as analyses of t h e  s t r e s s - s t r a i n  behavior and t h e  
mechanics of deformation of un iax ia l ly  oriented, f iber - re inforced  me ta l l i c  com- 
pos i t e s  i n  which the  components are mutually insoluble .  A f u r t h e r  ob jec t ive  was 
t o  re la te  t h e  modulus of e l a s t i c i t y  and t h e  t e n s i l e  proper t ies  of t h e  composites 
t o  t h e  f i b e r  content and t h e  proper t ies  of t h e  components. 

Composites were made with copper as t h e  matrix and 3-, 5-, o r  7 - m i l -  
diameter tungsten w i r e  as t h e  re inforc ing  f i b e r .  I n  specimens of t h i s  type, t h e  
re inforc ing  f i b e r  extended t h e  f u l l  l ength  of t h e  composite t e s t  specimen. Com- 
pos i t e s  were a l s o  made w i t h  5-mil-diameter discontinuous reinforcement. Room- 
temperature t e n s i l e  t es t s  were conducted on t h e  composites; s t r e s s - s t r a i n  curves 
were obtained; and u l t imate  t e n s i l e  s t rengths  and elongations w e r e  measured. 
The modulus of e l a s t i c i t y  was a l s o  determined by using dynamic t e s t i n g  methods. 
The da ta  obtained were used t o  analyze t h e  s t r e s s - s t r a i n  r e l a t i o n s  as w e l l  as 
t h e  strengthening and f a i l u r e  mechanisms of f iber - re inforced  me ta l l i c  composites. 

MATERIALS, APPAFK!3JS, AND PROCEDURE 

Mater ia ls  Select  ion 

Commercially obtained, drawn tungsten fi lament wire (General E l e c t r i c  type 
218CS), of 3-, 5-, and 7 - m i l  diameter w a s  se lec ted  as t h e  reinforcement f o r  t h e  
composites i n  t h i s  inves t iga t ion  because of i t s  high t e n s i l e  s t rength,  high re- 
c r y s t a l l i z a t i o n  temperature, a v a i l a b i l i t y  i n  a wide range of diameters, and 
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r elat ive  ease of handling. 

High-purity copper (99.994 percent C u )  wa d as t h e  matrix mater ia l  
f o r  composites i n  t h i s  inves t iga t ion  because it m e t  the following requirements: 
a melting point below a temperature where t h e  proper t ies  of t h e  tungsten f i b e r  
are ser ious ly  reduced, i n s o l u b i l i t y  i n  tungsten ( r e f .  16),  and a b i l i t y  t o  w e t  
tungsten ( r e f .  1 7 ) .  

Specimen Preparation 

Composites re inforced with continuous f ibe r s .  - These composites were pre- 
pared by liquid-phase i n f i l t r a t i o n .  The f i b e r s  were placed i n  ceramic tubes and 
i n f i l t r a t e d  with copper. This method assured axial or ientat ion.  Some specimens 
were infiltrated by placing a piece of copper, t h e  surface of which had been 
cleaned i n  an acid-dip solut ion (H2SO4, "03, HC1, and water), below the f i b e r  
bundle and melting it. Another method consisted of placing t h e  infiltrant above 
the f i b e r  bundle. I n  e i t h e r  case, t h e  e n t i r e  assembly was heated t o  2200' F and 
held at that temperature f o r  1 hour i n  e i t h e r  a vacuum o r  a hydrogen atmosphere. 

After i n f i l t r a t i o n ,  t h e  specimen rods were removed from t h e  ceramic tubes,  
Some of the rods were  made i n t o  t e n s i l e  specimens by s i lver-solder ing g r ips  onto 
them, w h i l e  o thers  were ground t o  shape. Examples of t hese  specimen configura- 
t i o n s  a r e  shown i n  f i g u r e  1. 

Composites r e w o r c e d  with discontinuous f i b e r s .  - Chopped lengths of tung- 
s t e n  wire, 3/8 inch long, were  loaded i n t o  ceramic tubes of 1/8-inch diameter 
and i n f i l t r a t e d  with copper by means of t h e  top-feeding technique described pre- 
viously f o r  continuous reinforcement. The rods were made i n t o  t e n s i l e  specimens 
by s i lver-solder ing g r ips  onto them. 

Tensile Tests  

Room-temperature1 t e n s i l e  tests were made by using an Instron t e n s i l e  tes t -  
ing machine. A constant crosshead speed of 0.10 inch per  m i n u t e  was used for 
a l l  t e s t s .  Specimens that f a i l e d  near  t h e  g r ips  were discarded. 
measurement was made by a load c e l l  and was independent of t h e  type  of s t r a i n  
measurement used. 

The load 

Two methods were ava i lab le  t o  measure s t r a in .  In the first  method, elonga- 
t i o n  was measured from t h e  movement of t h e  crosshead. All data  on f ibers ,  as 
w e l l  as preliminary r e s u l t s  on composites (refs. 13 t o  15) were obtained i n  this 
way. In  t h e  second method, s t r a i n  was determined with a Baldwin T2M extenso- 
meter attached t o  t h e  specimen. The output s igna l  was fed  i n t o  an X-Y re- 
corder. This equipment was l imi ted  t o  a m a x i m u m  s t r a i n  measurement of 2.0 per- 
cent for a 1-inch gage length and had an accuracy of about 0.03 percent s t r a in .  

Measurement of elongation of specimens after f r a c t u r e  was d i f f i c u l t  because 
of t h e  jagged nature  of t h e  f r a c t u r e  surfaces. Specimens could not be put back 
together  accura te ly  enough t o  permit prec ise  measurement of t h e  t o t a l  elongation. 
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Because of this, it w a s  necessary t o  measure t h e  t o t a l  elongation from the  cross-  
head movement. 

Yield s t r eng th  w a s  determined from t h e  s t r e s s - s t r a i n  curves f o r  some com- 
pos i t e s  re inforced with 5-mil-diameter f i b e r s  by using t h e  0.2-percent o f f s e t  
m e t  hod. 

Tungsten f i b e r s .  - Tungsten f i b e r s ,  i n  t h e  as-received and hea t - t rea ted  
condition, were at tached t o  aluminum gripping t a b s  with sea l ing  wax and t e s t e d  
i n  tension.  The e f f e c t s  of exposure t o  d i f f e r e n t  i n f i l t r a t i o n  temperatures upon 
t h e  s t rengths  of t h e  f i b e r s  w a s  determined. F ibers  were annealed f o r  1 hour a t  
temperatures ranging from 1500' t o  2500' F and t e s t e d  i n  tens ion  at  room tem- 
perature .  The i n f i l t r a t i o n  temperature of 2200° F w a s  chosen on t h e  basis of 
t hese  da t a  as wel l  as on preliminary experiments t o  determine t h e  f l u i d i t y  of 
t h e  copper matrix. 

Copper. - To determine t h e  t e n s i l e  proper t ies  of t h e  copper matr ix  used i n  
t h e  composites, t e n s i l e  t e s t s  were conducted on vacuum-cast copper rods, which 
had been annealed f o r  4 hours at 1800' F i n  vacuum. Tensi le  specimens w e r e  t hen  
machined and t e s t e d  i n  t h e  Ins t ron  at a crosshead speed of 0.10 inch per minute. 

Composites. - Room-temperature t e n s i l e  t es t s  were made on composites r e in -  
forced with continuous or discontinuous f ibers .  Cross-sectional a r e a  and 
volume-percent reinforcement da t a  f o r  some composite specimens were obtained by 
sect ioning t h e  f a i l e d  specimen t r ansve r se ly  i n  an area immediately adjacent t o  
t h e  f r a c t u r e  but outs ide t h e  necked region. The sec t ions  were mounted, polished, 
and photographed. Planimeter measurements and a wire count were obtained from 
t h e  photographs, and cross -sec t iona l  area and volume percent f i b e r  were calcu- 
la ted .  
f i b e r  was determined e i t h e r  by a wire count o r  by a spec i f ic -gravi ty  measurement. 

Other specimens were measured with a micrometer. The volume percent 

Dynamic Modulus Testing 

The resonant f requencies  of rods of copper, tungsten,  and composites were 
measured by sonic methods. 
v ibra t ion .  The modulus of e l a s t i c i t y  was  ca lcu la ted  from t h e  resonant frequency 
obtained. 
used i n  t h i s  por t ion  of t h e  invest igat ion,  cor rec t ion  f a c t o r s  were necessary. 
Appropriate l eng th  t o  diameter cor rec t ions  were based on the  equations of refer-  
ence 18, as solved and t abu la t ed  i n  reference 1 9 .  
chosen because of t h e  g rea t e r  s e n s i t i v i t y  of t h i s  method over s t a t i c  methods and 
because t h e  stress l e v e l s  appl ied i n  t h i s  method were w e l l  below t h e  e l a s t i c  
l i m i t  of e i t h e r  material. Good agreement between t h e  room-temperature moduli 
obtained dynamically and those  obtained s t a t i c a l l y  has been demonstrated by 
o thers  (refs.  20 and 2 1 ) .  

Resonances were induced i n  t h e  f l exura lmode  of 

Since c y l i n d r i c a l  specimens of d i f f e ren t  lengths  and diameters were 

Dynamic t e s t i n g  methods were 

RESULTS 
Tens i le-Test  Result s 

The r e s u l t s  of room-t emperature t e n s i l e  t es t s ,  conducted on 3-, 5-, and 
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7-mil-diameter f i b e r s  annealed at  temperatures up t o  2500' F, are shown i n  f i g -  
ure  2 .  The curves show t h e  e f f e c t s  of exposure t o  these  temperatures f o r  t ime 
periods of 1 hour i n  vacuum. The s t r eng th  and elongation have been reduced. 
Essen t i a l ly  t h e  same proper t ies  were obtained from wires t h a t  had been annealed 
i n  hydrogen at  2200° F. 

From these  curves it can be seen t h a t  exposure t o  a temperature of 2200' F 
f o r  1 hour reduces t h e  s t r eng th  of t h e  3-, 5-, and 7-mil-diameter f i b e r s  t o  
about 331,000, 327,000, and 290,000 ps i ,  respect ively.  Since a l l  composites were 
i n f i l t r a t e d  a t  2200° F, t h e s e  s t rengths  were considered t o  represent  t h e  s t rength  

, of t h e  f i b e r s  throughout t h i s  study. 

I 
1 m a t r i x  i n  t h i s  inves t iga t ion  w a s  27,800 p s i  and represented t h e  average of 

The average u l t imate  t e n s i l e  s t r eng th  of t h e  annealed copper used as t h e  

eight t e s t s .  

The r e s u l t s  of room-temperature t e n s i l e  t es t s  on composites t h a t  contain 

i inforced with continuous 3-, 5-, or 7-mil-diameter f i b e r s .  These r e s u l t s  are 
severa l  volume percent of f i b e r  are tabula ted  i n  t a b l e  I ( a )  for composites r e -  

p lo t t ed  as a funct ion of composition i n  f igu res  3(a) t o  ( (2) .  

previously reported i n  references 13 t o  15 as wel l  as add i t iona l  da ta  more 
recent ly  obtained. The l i n e  shown on each curve represents  a predic t ion  of ten-  
s i l e  s t r eng th  as a funct ion of composition. The ca lcu la t ion  of t h i s  l i n e  was 
explained i n  references 13 t o  15, and f u r t h e r  discussion w i l l  be presented l a t e r .  
The s t rengths  of composites show good agreement with t h e  ca lcu la ted  l i n e  and are 
proport ional  t o  t h e  volume percent re inforc ing  f i b e r  present.  The t e n s i l e  
s t rengths  of composites re inforced with d i f f e r e n t  wire s i z e s  show t h e  same 
trends.  

They include da ta  

The same t r ends  may be seen i n  f i g u r e  3(d)  and t a b l e  I ( b )  for composites 
~ re inforced with short  length, discontinuous 5-mil-diameter f i b e r s .  Again, both 

~ 

1 t he  5-mil-diameter continuous-fiber-reinforced composites shown i n  t h e  previous 
I f i g u r e  ( f i g .  3 ( b ) ) .  Good agreement of t h e  da ta  with t h e  ca lcu la ted  l i n e  may be  

t h e  t a b l e  and t h e  f igu re  represent both old and new data .  
t h i s  f i g u r e  ( f i g .  3 ( d ) )  i s  a ca lcu la ted  l i n e  and i s  i d e n t i c a l  t o  t h a t  used f o r  

The l i n e  shown i n  

seen. 

A p lo t  of percent elongation, at f a i l u r e ,  of composi5es re inforced with 
5-mil-diamet er continuous f ibe r s ,  p lo t t ed  as a funct ion of volume percent f i b e r  
as w e l l  as t h a t  of tungsten wire and copper, is  shown i n  f i g u r e  4. The measure- 
ments were made from t h e  crosshead movement of t h e  I n s t r o i .  The f r a c t u r e  elon- 
gat ion decreases with increasing f i b e r  content.  While t h e  f i b e r s  a lone exhibi t  
from 1.3 t o  2 . 9  percent elongation at f a i l u r e ,  t h e  composites show a much 
g rea t e r  elongat ion. 

S t r e s s - s t r a in  curves f o r  copper, tungsten w i r e ,  and several composites re- 
inforced with d i f f e ren t  percentages of 3-, 5-, and 7-mil-diameter w i r e  are shown 

t h r e e  s i z e s  used were taken from t h e  crosshead motion of t h e  Instron.  These 
curves w e r e  then  corrected f o r  machine de f l ec t ion  and rep lo t ted .  
shown i n  t h e  s t r e s s - s t r a i n  curves f o r  t h e  composites were measured by an exten- 

~ i n  f igu res  5 ( a )  t o  ( c ) .  The da ta  curves shown for t h e  t m g s t e n  w i r e  of t h e  

The s t r a i n s  
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someter. These s t r e s s - s t r a i n  curves show an e a r l y  t r a n s i t i o n  i n t o  p l a s t i c  flow 
of t h e  copper a t  a very low s t r a i n .  The tungsten wire exhib i t s  e l a s t i c  behavior 
f o r  about 0.4 percent s t r a i n ,  while t h e  composites show a l i n e a r  s lope t o  about 
t h e  same s t r a i n .  The u l t imate  t e n s i l e  s t r eng th  of t h e  f i b e r  w a s  reached a t  about 
1 . 4  percent s t r a i n .  The composites a l s o  show t h e i r  ul t imate  s t r eng th  at approxi- 
mately t h e  same s t r a i n .  Although t h e  ult imate t e n s i l e  s t r eng th  of copper i s  
about 27,800 psi ,  f i gu res  5 ( a )  t o  ( c )  show t h a t  t h e  s t r e s s  on t h e  copper is only 
about 8000 p s i  at 2-percent s t r a i n .  The slope of t h e  p l a s t i c  flow por t ion  of 
t h e  s t r e s s - s t r a i n  curve f o r  copper i s  about 0.2X106 p s i  over t h e  range covered 
i n  these  f igures .  

The s t r e s s - s t r a i n  curves f o r  a 5-mil-diameter tungsten wire, copper, and a 
discontinuous-fiber-reinforced composite t h a t  contains 5-mil-diameter w i r e  a r e  
presented i n  f i g u r e  5 ( d ) .  
t h e  previous f igu res  f o r  continuous-fiber-reinforced composites. 

This f i g u r e  shows t h e  same general  t r ends  shown i n  

An enlargement of t h e  low-strain region of t h e  s t r e s s - s t r a i n  curves f o r  
copper, tungsten, and t h e  composites i s  shown i n  f i g u r e  6. It can be  seen t h a t  
t h e  copper i s  undergoing e l a s t i c  s t r a i n  f o r  only about 0.03-percent s t r a i n .  Be- 
yond t h i s  point,  it i s  s t r a i n i n g  p l a s t i c a l l y .  Composites re inforced with con- 
t inuous f i b e r s  of d i f f e r e n t  diameters and 5-mil-diameter discontinuous f i b e r s  
show a change i n  s lope i n  t h e i r  s t r e s s - s t r a i n  curves near t h i s  0.03-percent 
s t r a i n ,  Above t h i s  s t r a i n ,  t h e  s lope of t h e  s t r e s s - s t r a i n  curve f o r  each com- 
pos i t e  i s  reduced. The s t r a i n  a t  which t h e  change i n  s lope occurs v a r i e s  from 
specimen t o  specimen, and t h i s  i s  probably due t o  a lack of s e n s i t i v i t y  of t h e  
extensometers i n  t h e  very  narrow region of e l a s t i c  s t r a i n .  The s lope of t h e  
s t r e s s - s t r a i n  curve before  t h e  change occurs may be termed t h e  i n i t i a l  modulus 
of e l a s t i c i t y ,  while t h e  s lope afterward may be termed t h e  "secondary modulus". 

The slopes of t h e  secondary l i n e a r  por t ions  of t h e  s t r e s s - s t r a i n  curves ob- 
t a ined  with t h e  extensometer from specimens of 3-, 5-, and 7-mil-diameter 
continuous-fiber-reinforced composites and 5-mil-diameter discontinuous-fiber- 
re inforced composites a r e  p l o t t e d  i n  f i g u r e  '7. A l e a s t  squares f i t  of t h e  data,  
as shown by t h e  l i n e  i n  t h e  f igure,  has an in te rcept  of 56.OXlO6 p s i  at 100 per-  
cent tungsten and about 0.9x106 p s i  a t  t h e  copper in te rcept .  This f i g u r e  shows 
t h e  slopes of t h e  secondary l i n e a r  port ions of t h e  s t r e s s - s t r a i n  curves of com- 
pos i tes  re inforced with f i b e r s  of d i f f e r e n t  diameters, as w e l l  as composites re -  
inforced with discontinuous f ibe r s ,  f a l l  along t h e  same l i n e .  

Yield Strength Results 

Results of y i e l d  s t r eng th  determinations for composites re inforced  with 
var ious amounts of continuous 5-mil-diameter tungsten f i b e r s  and p lo t t ed  as 
funct ions of f i b e r  content are depicted i n  f igu re  8. These r e s u l t s  were ob- 
t a ined  by means of t h e  0.2-percent o f f s e t  method. 

Dynamic Modulus Results 

The r e s u l t s  obtained from measurements of t h e  dynamic modulus of e l a s t i c i t y  
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on specimens reinforced with continuous f i b e r s  are tabula ted  i n  t a b l e  I I ( a )  and 
p lo t t ed  i n  f i g u r e  9 ( a ) .  
a r e  tabula ted  i n  t a b l e  I I ( b )  and p lo t t ed  i n  f igu re  9 ( b ) .  
percent f i be r ,  t h e  moduli are e s s e n t i a l l y  t h e  same. A dynamic modulus of 
58. 8%06 p s i  was obtained i n  t h i s  inves t iga t ion  f o r  a 0.125-inch-diameter tung- 
s ten rod; t h i s  compares favorably with t h e  values  found i n  t h e  l i t e r a t u r e  f o r  
tungsten, which range from 5O.0X1O6 t o  59.8X106 p s i  (refs. 21 t o  28) .  
s t a t i c  modulus of a 10-mil-diameter tungsten wire w a s  found t o  be 5 8 . O X l O 6  p s i  
( r e f .  2 8 ) .  
13.4:1106 t o  18.9XLO6 p s i  (refs. 29 t o  31), while a dynamic modulus of 17.7X106 
p s i  and an average s t a t i c  modulus of 18.1X106 p s i  w a s  found i n  t h i s  invest iga-  
t ion. 

Data f o r  specimens reinforced with discontinuous f i b e r s  
A t  t h e  same volume 

The 

Modulus of e l a s t i c i t y  values reported f o r  annealed copper range from 

Metallographic Results 

Figure 10 shows a t ransverse  cross  sec t ion  of a t y p i c a l  copper-tungsten 
composite re inforced with about 70-volume-percent of 5-mil-diameter f i b e r s .  The 
f i b e r s  a r e  evenly d i s t r i b u t e d  throughout t h e  matr ix  and are or iented p a r a l l e l  t o  
t h e  t e n s i l e  ax is .  The i n t e r f i b e r  spaces are f i l l e d  with copper. 

It can be seen from f i g u r e  11, an e lec t ron  photomicrograph of a t ransverse  
sec t ion  of a composite showing t h e  tungsten-f iber  - copper-matrix interface,  
that t h e r e  i s  no r e c r y s t a l l i z a t i o n  of t h e  gra ins  a t  the periphery of t h e  f i b e r .  
Also, t h e r e  a r e  no void areas at t h e  in te r face ,  and t h e  copper matrix has ap- 
parent ly  w e t  t h e  surface of t h e  tungsten f ibe r .  

A f r a c t u r e  edge of a composite i s  shown i n  f i g u r e  12 .  Necking of both t h e  
f i b e r s  and t h e  composite occurred at t h e  f r a c t u r e  edge. Some f i b e r s  broke at 
random poin ts  along t h e i r  length, away from t h e  f r a c t u r e  edge. Higher magnifi- 
ca t ions  of t hese  random loca t ion  breaks have shown necking of t h e  f ibe r s .  

DISCUSSION 

Tensi le  Behavior of Fiber-Reinforced Composites 

I n  t h i s  invest igat ion,  f iber - re inforced  composites were s tudied tha t  were 
composed of two mutually insoluble  mater ia l s  each r e t a in ing  i t s  individual  iden- 
t i t y .  The f i b e r  reinforcement w a s  un iax ia l ly  or iented i n  a d i r e c t  ion p a r a l l e l  
t o  t h e  t e n s i l e  axis. I n  t h i s  type  of composite, each of t h e  two phases re ta ined  
i t s  individual  s t r e s s - s t r a i n  cha rac t e r i s t i c s .  The s t r e s s - s t r a i n  behavior ob- 
served f o r  t h e  composites s tudied w i l l  subsequently be analyzed. P r io r  t o  t h e  
descr ip t ion  of t h e  behavior of t h e  composites, t h e  following postulated s tages  
of deformation should be considered: 

Stage I - E l a s t i c  deformation of f ibe r ;  e l a s t i c  deformation of matr ix  

Stage I1 - E l a s t i c  deformation of f ibe r ;  p l a s t i c  deformation of matrix 

Stage I11 - P l a s t i c  deformation of f ibe r ;  p l a s t i c  deformation of matrix 

Stage I V  - Fa i lu re  of f iber  and matrix 
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I n  preliminary s tud ie s  (refs. 13 t o  15) the authors showed t h a t  t he  t e n s i l e  
s t rength  of composites of copper re inforced w i t h  continuous o r  discontinuous 
tungsten f i b e r s  was a l i n e a r  funct ion of fiber content and could be represented 
by the  following equationt 

where t h e  mainline symbols a r e  defined as  

A area f r a c t i o n  or  volume percent when un i ty  length  i s  considered and 

u t e n s i l e  s t rength  

om s t r e s s  on matrix, taken from s t r e s s - s t r a i n  curve, at an equivalent s t r a i n  * 
t o  that a t  which the u l t imate  t e n s i l e  s t r eng th  of fiber i s  achieved 

and t h e  subscr ipt  symbols a r e  defined a s  

c composite 

f f i b e r  

m matrix 

These previous s tud ie s  discussed only s t age  I11 behavior, and t h e  use of equa- 
t i o n  (1) was l imi ted  t o  t h e  pred ic t ion  of t h e  u l t imate  t e n s i l e  s t r eng th  of com- 
posi tes ,  and made no attempt t o  pred ic t  t h e  behavior of composites at any other  
value of s t r a i n .  

Data obtained s ince  t h e  publ icat ion of t hese  preliminary r e s u l t s  confirm 
the  results previously reported. These data, as well as additional work on t h e  
behavior of composites undergoing s tages  I, 11, and IV of deformation, a r e  pre- 
sented i n  t h i s  report .  

Generalized equation for predict ing s t r e s s e s  I n  f iber - re inforced  compos- 
i t e s .  - Analysis of t h e s e  other  s tages  of behavior shows that equation (1) may 
be modified s l i g h t l y  t o  a more general  form t o  al low t h e  pred ic t ion  of t h e  
s t r e s s  o r  a composite at  any value of s t r a i n ,  

- 

The 
s t r a i n  taken from t he  s t r e s s - s t r a i n  curves of t h e  components of t h e  composite, i n  
t h e  condition i n  which they  e x i s t  in t h e  composite. The four stages of t e n s i l e  
behavior i n  a f iber-reinforced composite will now be discussed as well as forms 
of t h e  general  equation per ta ining t o  those  stages.  

a*'s w e d  I n  equation (2) represent s t r e s s e s  at that p a r t i c u l a r  value of 
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i Stage I - Elas t i c  deformation of f iber ;  e l a s t i c  deformation of matrix. - 
Upon loading a composite specimen i n  a t e n s i l e  t e s t ,  t h e  i n i t i a l  s t r a i n  observed 
i s  e l a s t i c  f o r  t h e  f ibe r ,  t h e  matrix, and t h e  composite. A mathematical expres- 
s ion f o r  t h i s  behavior may be obtained by using equation ( 2 )  w i t h  t h e  modifica- 
t i o n s  tha t  t h e  s t r e s s e s  taken from t h e  s t r e s s - s t r a i n  curves, when divided by 
equal e l a s t i c  s t r a ins ,  represent t h e  i n i t i a l  modulus of e l a s t i c i t y .  Thus, t h e  
i n i t i a l  modulus of e l a s t i c i t y  of a f iber-reinforced composite may be expressed 
by t h e  following equation: 

l 

i 

where E i s  t h e  i n i t i a l  modulus of e l a s t i c i t y .  

Equation (3) predic t s  that t h e  i n i t i a l  modulus of e l a s t i c i t y  of a composite 
should be a l i n e a r  funct ion of f i b e r  content. 
of e l a s t i c i t y  as  a funct ion of f i b e r  content f o r  composites re inforced with 
e i t h e r  continuous o r  discontinuous f i b e r s .  A s t r a i g h t  l i n e  r e l a t i o n  exists. 
The l i n e s  shown were obtained by using t h e  dynamic moduli of t h e  two components 
as end points .  Data obtained f o r  t h e  cmpos i tes  i s  i n  good agreement with t h e  
values predicted by using equation (3). The dynamic modulus da ta  obtained f o r  
t h e  components show good agreement with published values. 

Figure 9 shows p l o t s  of modulus 

Stage I1 - Elas t i c  deformation of f iber ;  p l a s t i c  deformation of matrix. - 
The p l o t s  of i n i t i a l  modulus O f  e l a s t i c i t y  as a funct ion of volume percent f i b e r  
shown i n  f i g u r e  9 were obtained by using data  from dynamic t e s t s ,  as described 
e a r l i e r .  T o  analyze s tage  I1 behavior, it i s  necessary t o  examine t h e  stress- 
s t r a i n  curves of t h e  composites and t h e i r  components at s t r a i n s  l a rge r  than 
those  representing only t h e  e l a s t i c  behavior of t h e  least e l a s t i c  component. 
This type of ana lys i s  is  necessary because t h e  two materials comprising t h e  com- 
pos i t e  do not deviate  from e l a s t i c  behavior at t h e  same s t r a in .  

Figure 6 shows t h a t  t h e  dopper deviates  from propor t iona l i ty  at about 0.03- 
percent s t r a i n .  Below th i s  s t r a in ,  both components a r e  ac t ing  e l a s t i ca l ly ;  how- 
ever, beyond t h i s  s t r a in ,  t he  copper is  ac t ing  p l a s t i c a l l y .  The f igu re  a l so  
shows a change i n  s lope f o r  a l l  t h e  other s t r e s s - s t r a i n  curves representing t h e  
composite specimens. T h i s  change i n  slope has been observed i n  f iber -g lass -  
re inforced p l a s t i c s  ( r e f .  3 2 ) .  (As mentioned earlier, t h e  names i n i t i a l  modulus 
and secondary modulus have been applied t o  these  slopes. ) 

Below th i s  s lope change, t h e  composites a r e  undergoing i n i t i a l  e l a s t i c  be- 
havior, as described by s tage  I deformation. Above these  s t r a ins ,  t h e  s lope of 
t h e  copper curve i s  almost f l a t .  The copper i s  contr ibut ing very l i t t l e  t o  t he  
load-carrying capaci ty  of t h e  composite, and t h e  tungsten i s  carrying a much 
g rea t e r  percentage of t h e  load than previously ca r r i ed  when t h e  copper was 
e l a s t i c .  
t h e  s m a l l  por t ion of t h e  load ca r r i ed  by t h e  p l a s t i c  copper i s  masked by t h e  be- 
havior of t h e  tungsten.  
curve of t h e  composite i s  lower than t h e  slope of t h e  i n i t i a l  e l a s t i c  portion, 
s ince  t h e  slope of t h e  s t r e s s - s t r a i n  curve for t h e  copper i n  t h e  composite has 
been reduced from 17.7>(106 p s i  i n  t h e  e l a s t i c  port ion of t h e  curve t o  about 
0-2x1O6 p s i  i n  t h e  p l a s t i c  portion. 

This gives r i s e  t o  a secondary e l a s t i c  behavior of the composite, s ince  

The slope of t h i s  secondary e l a s t i c  port ion of t he  
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Figure 7 shows a p lo t  of t h e  secondary moduli of composites as a funct ion 
of f i b e r  content.  The l i n e  shown i s  a l e a s t  squares f i t  of t h e  data .  This 
curve shows t h a t  a l i n e a r  r e l a t i o n  e x i s t s  between t h e  secondary modulus and t h e  
f i b e r  content. The behavior could be expressed by t h e  following form of t h e  
general  equation: 

where 

E; secondary modulus of e l a s t i c i t y  of composite 

* 5 slope of s t r e s s - s t r a i n  curve of matrix a t  a given s t r a i n  E beyond pro- 
E por t iona l  l i m i t  of matrix 

To determine whether deformation i n  t h i s  s t age  was e l a s t i c  or p l a s t i c ,  
severa l  specimens were t e s t e d  by loading t o  a s t r a i n  where t h e  copper should 
have behaved plast ical ly ,  w h i l e  t h e  tungsten remained elast ic .  The load w a s  
t hen  removed. A t y p i c a l  s t r e s s - s t r a i n  curve obtained under these  conditions 
shows an i n i t i a l  l i n e a r  s lope ( f i g .  13) as predicted by equation (3), a change 
i n  slope, and a second l i n e a r  slope corresponding t o  t h e  secondary modulus of 
e l a s t i c i t y .  Loading was then  stopped. The decrease i n  load noted i n  t h e  curve, 
with no accompanying change i n  s t r a i n ,  does not r e f l e c t  t h e  behavior of t h e  
specbnen i t s e l f  but i s  due t o  a re laxa t ion  i n  t h e  servomechanism c i r c u i t  of t h e  
t e s t i n g  machine (p r iva t e  communication from R, A. Heinrich of Ins t ron  Engineer- 
ing Corp. ) 
rods as wel l  as composites. 

This re laxa t ion  w a s  noted f o r  t e s t s  on specimens of copper and s t e e l  

During unloading, t h e  composite specimen contracted.  The i n i t i a l  s lope of 
t h e  unloading curve appeared t o  be p a r a l l e l  t o  t h e  i n i t i a l  e l a s t i c  slope during 
loading. Thus, t h e  first contract ion was  e l a s t i c  i n  character .  A change i n  
slope was a l s o  noted on unloading. For t h e  remainder of t h e  curve t o  zero load, 
t h e  slope appeared t o  be almost p a r a l l e l  t o  t h e  secondary e l a s t i c  port ion of t h e  
loading curve. A s m a l l  amount of permanent s e t  appeared t o  be re ta ined  i n  t h e  
specimen a f t e r  t h e  loading-unloading cycle. 
vomechanism i s  compensated for ,  t h e  permanent set i s  reduced but s t i l l  i s  
present.  

If t h e  load-relaxat ion of t h e  ser -  

In conventional mater ia ls ,  when t h e  load i s  released, a l l  t h e  contract ion 
is  e l a s t i c ,  regardless  of whether t h e  mater ia l  had been deformed p l a s t i c a l l y  o r  
e l a s t i c a l l y .  In  copper-tungsten composites, t h e  i n i t i a l  contract  ion appears t o  
be e l a s t i c ,  but after a small increment of e l a s t i c  contraction, t h e  remaining 
contract ion i s  what might be ca l l ed  secondary e l a s t i c  behavior and a change i n  
slope i s  noted i n  t h e  curve. This second port ion of t h e  curve ind ica tes  t h a t ,  
as on loading, t h e  tungsten f i b e r s  a r e  ac t ing  e l a s t i c a l l y ,  while t h e  copper be- 
haves p l a s t i c a l l y .  The e l a s t i c  fo rce  on t h e  f i b e r s  exer t s  a compressive fo rce  
on t h e  copper matrix and p l a s t i c a l l y  cont rac ts  t h e  copper, but t h i s  e l a s t i c  
force  i s  not s t rong enough t o  cause t h e  composite t o  recover completely. Even- 
t u a l l y  t h e  compressive force  i n  t h e  copper balances t h e  e l a s t i c  t e n s i l e  force  
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i n  the  f ibe r s .  Because of t h i s ,  t he  composite cannot r e tu rn  t o  zero s t r a i n ,  and 
it shows a small amount of permanent s e t  during cyc l ic  loading. 

The occurrence of t h e  i n i t i a l  and secondary e l a s t i c  behavior observed i n  t h e  
tungsten-copper system would probably be observed i n  other  types of f i b e r -  
re inforced composites i n  which t h e  f i b e r  and t h e  matrix devia te  from e l a s t i c  
propor t iona l i ty  at d i f f e ren t  s t r a i n s .  If t h e  deviat ion occurs a t  t h e  same 
s t r a in ,  then t h e r e  would be a d i r e c t  t r a n s i t i o n  from i n i t i a l  e l a s t i c  behavior 
i n t o  p l a s t i c  flow. On t h e  other  hand, t h e  g rea t e r  t h e  s t r a i n  between t h e  pro- 
po r t iona l i t y  deviat ions of t h e  f i b e r  and t h e  matrix, t h e  longer t h e  s t r a i n  range 
over which t h e  secondary behavior would occur. The secondary modulus observed 
i n  t h i s  inves t iga t ion  was  e a s i l y  determined because of t h e  l i n e a r i t y  of t h e  
slope of t h e  p l a s t i c  flow s t r e s s - s t r a i n  curve over a range of s t r a i n .  I n  t h e  
case where a matr ix  mater ia l  had a constant ly  changing or fast work-hardening 
slope i n  t h e  ea r ly  s tages  of p l a s t i c  flow, t h e r e  would probably not be a con- 
s t an t  secondary modulus; however, i n  t h e  case of a metal  w i t h  a l i n e a r  slope, 
such as copper, t h e  secondary modulus would e x i s t  and may be more use fu l  as a 
design parameter t han  t h e  i n i t i a l  modulus. 

Stage I11 - P l a s t i c  deformation of f iber ;  p l a s t i c  deformation of matrix. - 
With increasing s t r a i n ,  both components of t h e  composite pass i n t o  p l a s t i c  flow. 
The s t r e s s - s t r a i n  curves presented i n  f igu re  5 show t h a t  t h e  ul t imate  t ens i l e  
s t rengths  of t h e  composites and f i b e r s  were achieved at about 1.2- t o  1.6- 
percent s t r a i n .  These s t r e s s - s t r a i n  curves a l s o  show t h a t  t h e  s t r e s s  on t h e  
copper specimens at 1.3-percent s t r a i n  i s  about 8000 p s i  and does not increase 
s i g n i f i c a n t l y  over t h e  range of s t r a i n  p lo t t ed  i n  these  f igures .  This value 
was used as 0: i n  equation (I). The da ta  on t h e  strength-composition curves 
shown i n  f igu re  3 show good agreement with t h i s  equation. 

Since t h e  u l t imate  t e n s i l e  s t rength  of t h e  copper with no f i b e r s  present i s  
27,800 ps i ,  t hen  a t  some very Low f i b e r  content, where t h e  matrix i s  t h e  major 
load-carrying component, any f i b e r s  present would not cont r ibu te  subs t an t i a l ly  t o  
t h e  s t rength  of t h e  matrix, and a f t e r  t h e  f i b e r s  had broken, t h e  matrix would 
continue t o  s t r a i n  and f i n a l l y  reach i t s  ul t imate  t e n s i l e  s t rength  as if  no 
f i b e r s  were present .  
ing such very low f i b e r  contents, ca lcu la t ions  were presented i n  references 13 
t o  15 t o  allow t h e  predict ion of t h e  t e n s i l e  s t r eng th  of composites i n  t h i s  
region and a l s o  t o  pred ic t  t h e  f i b e r  content below which e f f ec t ive  reinforcement 
would not t ake  place.  

Although no da ta  has been obtained f o r  composites contain- 

In  addi t ion  t o  t e n s i l e  s t rength,  y i e ld  s t r eng th  was a l s o  determined by means 
of t h e  0.2-percent o f f se t  method. Figure 8 shows a p lo t  of such da ta  obtained 
f o r  composites, copper, and tungsten.  The da ta  was obtained from s t r e s s - s t r a i n  
curves. It is  evident t h a t  a l i n e a r  r e l a t i o n  e x i s t s  here  a l so .  Thus, t h e  d i s -  
cussion previously made f o r  t h e  u l t imate  t e n s i l e  s t r eng th  should a l s o  pe r t a in  t o  
t h e  y i e ld  s t rength  of composites. 

The determination of y i e ld  s t rength  i n  tungsten-f iber-reinforced copper 
composites i s  complicated by t h e  f a c t  t h a t  t h e r e  a r e  two l i n e a r  port ions of t h e  
s t r e s s - s t r a i n  curve. Since i n  t h e  determination of y i e ld  s t rength  a l i n e  t h a t  
i s  o f f s e t  0 .2  percent and p a r a l l e l  t o  t h e  slope of t h e  l i n e a r  por t ion  of t h e  
curve i s  used, two y ie ld  s t rengths  ( i n i t i a l  and secondary) are obtained depending 
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upon which slope i s  used. The d i f fe rence  between t h e  two values obtained w i l l  
decrease w i t h  increasing f i b e r  content.  
s t r a i n  over which i n i t i a l  e l a s t i c  behavior occurs, t h e  y ie ld  s t r eng th  obtained 
through conventional means may be missed e n t i r e l y  unless  very s e n s i t i v e  in s t ru -  
mentation i s  used. Therefore, f o r  composites it may be more p r a c t i c a l  t o  use 
t h e  s lope of t h e  secondary e l a s t i c  behavior, s ince  it covers a much wider range 
of s t r a i n  and i s  more e a s i l y  measured. This i s  t h e  case f o r  tungsten-f iber  - 
copper-matrix composites and may a l s o  be appl icable  t o  other  systems. From t h e  
p r a c t i c a l  viewpoint of composite appl icat ions,  t h i s  secondary y i e ld  s t r eng th  
probably has much more engineering s igni f icance  than  t h e  i n i t i a l  y i e ld  s t rength .  
The y i e ld  s t r eng th  determined by means of t h e  0.2-percent o f f se t  method p a r a l l e l  
t o  t h e  secondary s lope i s  p lo t t ed  i n  f i g u r e  8 as a funct ion of composition. 
l i n e a r  r e l a t i o n  e x i s t s  between y i e ld  s t r eng th  and f iber  content. 

Because of t h e  small increment of 

A 

Stage N - Fa i lu re  of f iber-reinforced me ta l l i c  composites. - This s tage  of 
t h e  deformation of tungsten-fiber-reinforced copper composites occurs a f t e r  t h e  
composite has reached i t s  u l t imate  s t rength.  
t h a t  t h e  s t r e s s e s  on t h e  composites and t h e  f i b e r s  reach a maximum and then  
gradual ly  drop off  t o  f a i l u r e .  Elongation i s  p lo t t ed  t o  a 2-percent s t r a i n .  
Figure 4, however, shows a p lo t  of percent elongation at f a i l u r e  as a func t ion  
of f i b e r  conkent. While t h e  f i b e r s  alone exhibi ted from 1.3- t o  2.9-percent 
elongation at f a i l u r e ,  t h e  composites show a much g rea t e r  elongation. 

S t r e s s - s t r a in  curves ( f i g .  5 )  show 

This add i t iona l  s t r a i n  at f a i l u r e  could be explained by a comparison t o  
discontinuous-fiber-reinforced cmposi tes .  A broken f i b e r  could be considered 
analogous t o  a discontinuous f i b e r  and could continue t o  support a por t ion  of 
t h e  t o t a l  load, t r a n s f e r r i n g  i t s  por t ion  of t h e  load across  t h e  broken ends of 
t h e  f i b e r  through t h e  matr ix  by a shear mechanism. It is postulated t h a t ,  with 
increasing s t r a in ,  after t h e  f r ac tu r ing  of t he  f irst  f i b e r  occurs, other  f i b e r s  
continue t o  break at  random loca t  ions.  Metallographic evidence seems t o  v e r i f y  
these  concepts. Figure 1 2  shows t h e  f r a c t u r e  edge of a composite. Necking of 
both t h e  ind iv idua l  fibers and t h e  composite has occurred a t  t h e  f r a c t u r e  edge, 
while some f i b e r s  have broken at random poin ts  along t h e i r  l ength  away from t h e  
f r a c t u r e  edge. Higher magnification examinations of t he  random loca t ion  breaks 
a l s o  showed necking of t h e  f i b e r s  a t  these  breaks. 
note t h a t  audible  sounds could be heard emanating from t h e  composites as t h e  
f i b e r s  break progressively.  
which t h e  load was adjusted so  as t o  give a g rea t e r  s e n s i t i v i t y  i n  t h e  region of 
f r ac tu re .  
t i o n s  ind ica t ing  that  many f i b e r s  were breaking as s t r a i n  continued. 

It might be  of i n t e r e s t  t o  

In addition, one t e n s i l e  t e s t  was conducted i n  

The curve obtained from t h i s  t e s t  showed jagged and i r r e g u l a r  serra- 

Eventually, a loca l i za t ion  of random f i b e r  breaks would occur i n  a given 
cross  section, and t h e  remaining f i b e r s  at t h i s  cross  sec t ion  would then  fa i l .  
In  specimens that contain l a r g e  percentages of matr ix  mater ia ls ,  appreciable 
elongation could occur after t h e  f i b e r s  i n  a cross  sec t ion  fa i l .  A t  t h i s  point,  
t h e  load on the specimen i s  impressed e n t i r e l y  upon t h e  matrix. The amount that  
t h e  matrix continues t o  s t r a i n  a f t e r  f r a c t u r e  of t h e  re inforc ing  f i b e r s  depends 
upon t h e  amount of matrix ma te r i a l  remaining. 
were present, elongation would continue as if  no f i b e r s  were present,  s ince  only 
t h e  matrix would be s t r a in ing .  
add i t iona l  amount of s t r a i n  would occur before  t h e  specimen would f a i l .  

If s u f f i c i e n t  matrix mater ia l  

If t h e  matrix content were low, only a s m a l l  
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It should be noted at t h i s  point that good bonding of f i b e r  t o  matr ix  i s  
e s s e n t i a l  t o  cause t h e  delayed f r a c t u r e  of t h e  composite. Many appl ica t ions  of 
composites might be envisioned where delayed f r a c t u r e  would not be of concern, 
and hence continuous f iber-reinforced specimens would not necessar i ly  requi re  a 
bonding of t h e  matrix t o  t h e  f i b e r  i n  t h e  t e s t  sect ion.  

Up t o  t h e  f a i l u r e  of t h e  f i r s t  f i be r ,  t h e  primary purpose of a matr ix  i n  a 
continuous-fiber-reinforced composite i s  t o  provide a binder  t o  j o i n  t h e  f i b e r s  
toge ther  and allow them t o  be made i n t o  a shape i n  which the proper t ies  of t h e  
f i b e r  may be u t i l i z e d  i n  a s t ress -car ry ing  member. Matrices could a l s o  be al- 
loyed t o  give t h e  composite such use fu l  cha rac t e r i s t i c s  as corrosion r e s i s t ance  
and d u c t i l i t y  both during f ab r i ca t ion  and use. 

The matrix becomes an important consideration i n  s tage  IV behavior of 
continuous-fiber-reinforced composites. F i r s t ,  a bundle of fibers w i l l  be con- 
s idered i n  which t h e r e  i s  no matrix present.  
( r e f .  l), a s t a t i s t i c a l  ana lys i s  of t h e  t e n s i l e  s t r eng th  of bundles composed of 
a number of f i b e r s  of equal lengths i s  described. The f i b e r s  were considered 
t o  be clamped i n  such a manner t h a t  a l l  t h e  f ibe r s ,  when loaded, would have an 
equal elongation. 
with another i n  t h e  t e s t  por t ion  of t h e  bundle. The r e s u l t s  of this mathematical 
ana lys i s  indicated tha t  t h e  average t e n s i l e  s t rength  of t h e  bundle would be less 
than  t h e  average s t r eng th  obtained f o r  t h e  ind iv idua l  f i b e r s  making up t h e  
bundle. The g rea t e r  t h e  amount of s c a t t e r  i n  t h e  s t r eng th  of t h e  individual  
f i be r s ,  t h e  lower t h e  t o t a l  s t rength  of t h e  bundle. 

I n  a study of a bundle of f i b e r s  

I n  t h i s  s i t u a t i o n  t h e r e  could be no in t e rac t ion  of one f i b e r  

The incorporation of a bundle of f i b e r s  i n t o  a m a t r i x  t o  form a composite 
modifies t h e  behavior of t h e  bundle, since, i n  t h i s  s i tua t ion ,  t h e r e  is an 
in t e rac t ion  between f i b e r s  through a shear bond w i t h  t h e  m a t r i x .  
t he  s t rength  of f i b e r s  bonded by copper were not observed i n  t he  inves t iga t ion  
described herein.  
was  achieved i n  t h e  composites as is revealed by t h e  strength-composition dia-  
grams ( f i g .  3). The premature f r ac tu r ing  of t h e  weakest f i b e r s  d id  not reduce 
the  s t r eng th  of a composite, s ince  t h e  matr ix  t r ans fe r r ed  t h e  load around t h e  
broken ends of t hese  f i b e r s .  

Reductions i n  

In fac t ,  it was shown that t h e  average s t r eng th  of t h e  f i b e r s  

For composites re inforced w i t h  continuous f ibe r s ,  t h e  p r inc ipa l  requirement, 
which must be met by t h e  matrix mater ia l ,  i s  d u c t i l i t y  i f  adequate bonding i s  
assumed. The mater ia l  must exhibi t  s u f f i c i e n t  d u c t i l i t y  t o  allow both t h e  com- 
pos i t e  t o  withstand shock and impact and the  f i b e r s  t o  reach t h e i r  f u l l  s t rength.  
I n  t h e  case of f i b e r s  such as tungsten, which show some p l a s t i c  flow, t h e  m a t r i x  
must undergo su f f i c i en t  s t r a i n  t o  allow t h e  tungsten f iber  t o  reach i t s  ul t imate  
s t rength .  

Strengthening Mechanism of Discont inuous-Fiber-Reinf orced Composit es 

Although t h e  s t r e s s - s t r a i n  behavior and t e n s i l e  s t r eng th  observed f o r  
discontinuous-fiber-reinforced composites i s  similar t o  those  observed for com- 
p o s i t e s  with continuous reinforcement, t h e  mechanism by which such composites 
are strengthened is  d i f f e ren t .  The bond s t rength  i n  a continuous-fiber- 



re inforced composite was  shown t o  be of most importance subsequent t o  t h e  f a i l u r e  
of t h e  f i r s t  f i b e r .  
a bond between t h e  matr ix  and t h e  f iber  i s  e s s e n t i a l  during a l l  stages of defor- 
mation. 
i s  a shear mechanism, as described previously f o r  me ta l l i c  composites ( r e f s .  13 
t o  15)  and f o r  f iber -g lass - re inforced  p l a s t i c s  ( re fs .  33 and 34). 
model of t h i s  type  of composite i s  shown i n  f igu re  14. The discontinuous f i b e r s  
i n  t h e  composite are a l ined  p a r a l l e l  t o  each other  and t o  t he  t e n s i l e  axis. 
is assumed that  t h e  fibers overlap each other  by varying mounts  and t k i a t  t hey  
a r e  ind iv idua l ly  bonded t o  t h e  matrix. 

I n  t h e  case of discontinuous-fiber reinforcement, however, 

The mechanism by which t h e  f i b e r  contr ibutes  i t s  s t rength  t o  a composite 

A schematic 

It 

I 
Even i f  t h e  bond between the  discontinuous f i b e r  and matrix is weak, enough 

shear s t r e s s  can be appl ied t o  t h e  f i b e r  t o  cause it t o  f a i l  i n  tension, r a t h e r  
than shearing out of t h e  matrix, i f  t h e  f i b e r  i s  long enough. Thus, f o r  a given 
p a i r  of m t e r i a l s ,  t h e  length  of f i b e r  that  i s  bonded t o  t h e  matrix must be suf- 
f i c i e n t  t o  support a shear s t r e s s  t h a t  i s  equivalent t o  t h e  t e n s i l e  s t r e s s  on 
the  f i b e r .  Equating the  shear load on t h e  bond t o  t h e  t e n s i l e  load necessary t o  
cause f a i l u r e  of t h e  f i b e r  permits t h e  ca lcu la t ion  of a so-called c r i t i c a l  
length-to-diameter or aspect  r a t i o ,  as shown i n  t h e  following equation: 

where 

D diameter 

L length 

af t e n s i l e  s t r eng th  of f i b e r  

7 shear s t r eng th  of f iber-matr ix  i n t e r f a c i a l  bond 

Solution of t h i s  equation, w i t h  t h e  assumptions and values mentioned i n  refer- 
ences 13 t o  15, r e su l t ed  i n  a c r i t i c a l  aspect  r a t i o  of 1 6  f o r  tungsten f i b e r s  
and a copper matrix. 

For a 5-mil-diameter tungsten f i b e r  i n  a copper matrix, a length of approxi- 
mately 80 m i l s  would be necessary t o  support a su f f i c i en t  shear load. Although 
it w a s  not t h e  objec t ive  of t h i s  inves t iga t ion  t o  ge t  an exact determination of 
t h e  c r i t i c a l  aspect r a t i o ,  t h e  r e s u l t s  obtained do show tha t  t h e  average aspect 
r a t i o  of 75 (L/D = 0.375/0.005),  which w a s  used, was more than s u f f i c i e n t  t o  
support t h e  t e n s i l e  load i n  t h e  f i b e r s  and t o  cause t h e  composites t o  f a i l  by 
t e n s i l e  f r a c t u r e  of t h e  f i b e r s .  
be t r e a t e d  i n  more d e t a i l  i n  t he  following sect ion.  

The subjec ts  of bonding and aspect r a t i o  w i l l  

Factors  Influencing t h e  Propert ies  of Fiber-Reinforced Composites 

Many types  of f iber - re inforced  composites have been made and studied, but 
most of the  research has been i n  t h e  f i e l d  of f iber-glass-reinforced p l a s t i c s .  
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Consequently, most of t h e  concepts dealing with t h e  mechanisms of reinforcement 
have been developed f o r  this type of composite. Perhaps one of t h e  g rea t e s t  
problems associated with t h e  understanding of t he  strengthening mechanism is 
tha t ,  al though much of t h e  work on these  d i f f e ren t  systems i s  in t e r r e l a t ed ,  
t he re  a r e  many s i t u a t i o n s  that do not permit t he  genera l iza t ion  and extrapola- 
t i o n  of t h e  concepts from one system t o  another. 

It i s  t h e  purpose of th i s  port ion of t h e  discussion t o  mention some of t h e  
f a c t o r s  influencing t h e  strength of both continuous- and discontinuous-fiber- 
re inforced composites. 
both types, while others  w i l l  not. 

Some of t h e  general izat ions made w i l l  be appl icable  t o  

Bonding and aspect r a t i o .  - Much consideration has been given i n  t h e  l i t e r -  
a t u r e  t o  t h e  problem of bonding the  f i b e r  t o  t he  matrix. Bonding i s  much more 
c r i t i c a l  f o r  composites re inforced with discontinuous f i b e r s  than f o r  those with 
continuous reinforcement. In  discontinuous-fiber-reinforced composites, t h e r e  
must be a good bond between t h e  f i b e r  and t h e  matrix t o  allow t h e  load t o  be 
t r ans fe r r ed  from one f iber  t o  another. 
by t h e  c r i t i c a l  aspect or length-to-diameter r a t i o .  
aspect r a t io ,  which i s  a r a t i o  of t h e  Fiber length  that i s  required f o r  t h e  
f i b e r s  t o  re inforce  t h e  matrix t o  t h e  diameter of t h e  f i b e r .  The weaker t h e  
bond, t h e  g rea t e r  t h i s  r a t i o .  Thus, t h e  c r i t i c a l  aspect r a t i o ,  o r  c r i t i c a l  
length-to-diameter r a t io ,  i s  a manifestation of t h e  shear length necessary t o  
transmit a load from t h e  f i b e r  t o  t h e  m a t r i x  or v ice  versa  and allows t h e  f i b e r  
t o  reach i t s  f u l l  t e n s i l e  s t rength  i n  a composite. 

The q u a l i t y  of such a bond i s  r e f l ec t ed  
Much has been wr i t t en  about 

The concept of c r i t i c a l  aspect r a t i o  may be f u r t h e r  complicated by t h e  

As t h e  d is tance  from t h e  
i n t e r f i b e r  spacing. 
matrix i n t e r f a c e  could be r e s t r a ined  by t h e  bond. 
i n t e r f ace  i s  increased, t h e  e f f ec t  of t h i s  r e s t r a i n t  would be reduced. Thus, 
t h e r e  may be t h e  p o s s i b i l i t y  that  t h e  aspect r a t i o  f o r  a given f i b e r  diameter 
may be lowered a t  high volume percentages of f i b e r  and may increase at lower 
f i b e r  contents because of t h e  changes i n  t h e  i n t e r f i b e r  spacing. 

Movement of t h e  matrix r e l a t i v e  t o  t h e  f i b e r  at t h e  f i b e r -  

Reference 2 repor t s  an inves t iga t ion  on t h e  e f f ec t  of aspect ra t io  on 
s t r eng th  and t h e  development of what might be ca l l ed  a length-s t rength r e l a t ion .  
This r e l a t i o n  was based on t h e  f a c t  that t h e  number of defec ts  i n  a g l a s s  f i b e r  
increased with increasing f i b e r  length, and as t h e  defec ts  were removed by 
fractur ing,  t h e  r e su l t i ng  segments were s t ronger  as t h e  length  decreased. T h i s  
process continued u n t i l  t h e  f i b e r s  became shor t e r  than  the c r i t i c a l  length, at 
which t ime t h e  composite f a i l e d  because of i n t e r f a c i a l  shear.  
i n  references 33 and 34 that aspect r a t i o  is  f u r t h e r  complicated by va r i a t ions  
i n  t e n s i l e  and shear s t r e s s e s  along t h e  length  of t h e  f i b e r .  

It is  pointed out 

It is  evident that t h e  c r i t i c a l  aspect r a t i o  f o r  discontinuous-fiber- 
reinforced-composites i s  d i f f i c u l t  t o  analyze. The work on f iber -g lass -  
re inforced p l a s t i c s  reported i n  reference 2 ind ica tes  that an aspect r a t i o  rang- 
ing from 400 t o  1000 would be necessary f o r  reinforcement depending upon t h e  
s t r eng th  of t h e  f i b e r  ( r e f .  2 ) .  The work at t h e  Lewis Research Center of NASA 
has shown that a r a t i o  of 75 was more than  su f f i c i en t  t o  provide e f f i c i e n t  re- 
inforcement i n  a metal-fiber - metal-matrix composite. This shows that ,  a l -  
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though the mechanism of bonding of t h e  tungsten-fiber-reinforced copper compos- 
i t e s  is probably s-lmilar t o  glass-f  iber-reinforced p las t ics ,  t h e  mater ia l s  in-  
volved and t h e  proper t ies  of t h e  bond are d i f f e ren t ,  as r e f l ec t ed  i n  the aspect 
r a t i o s  needed f o r  reinforcement. 

Sca t t e r  of t e n s i l e  s t rength  of f i b e r s .  - The more l i k e l y  a material i s  t o  
have f l a w s  and defects,  the  g rea t e r  i s  t h e  l ikel ihood f o r  s c a t t e r  i n  t e n s i l e  
propert ies .  
such f i b e r s  as g l a s s  and whiskers, and t h i s  s c a t t e r  can probably be a t t r i b u t e d  
t o  defects .  
a r e  not as notch-sensi t ive as g l a s s  but do exhibi t  g rea te r  d u c t i l i t y .  

Considerable s c a t t e r  has been observed i n  t h e  t e n s i l e  proper t ies  of 

Although drawn meta l l ic  f i b e r s  may contain defects,  general ly  they  

Both g l a s s  and tungsten f i b e r s  show considerable s c a t t e r  i n  elongation at 
f a i lu re ;  however, t h e  s c a t t e r  i n  s t r eng th  i s  much l e s s  f o r  t h e  meta l l ic  f i b e r  
because g l a s s  f i b e r s  exhibi t  e l a s t i c  behavior t o  f r a c t u r e  when t e s t e d  i n  tension. 
Thus, any s c a t t e r  i n  s t r a i n  i s  accmpanied by a d i r e c t l y  proportional s c a t t e r  of 
s t r e s s .  This behavior is shown i n  t he  schematic s t r e s s - s t r a i n  curve presented 
i n  f i g u r e  15 (a ) .  The s t r eng th  of a g l a s s  f i b e r  that breaks at 2.8-percent 
s t r a i n  i s  twice as grea t  as one that breaks at 1.4 percent. Composites t h a t  
contain this type of material as reinforcement should also show t h i s  same type  
of behavior. I n  the case of tungsten fibers,  t h e  s i t u a t i o n  i s  d i f f e ren t .  A l -  
though considerable s c a t t e r  i n  s t r a i n  at f a i l u r e  i s  encountered, t h e  accompany- 
ing s c a t t e r  i n  stress i s  s m a l l  provided that a c e r t a i n  amount of p l a s t i c  defor- 
mation has occurred. T h i s  behavior is shown schematically i n  f igu re  15 (b ) .  An 
increase from 1.4- t o  2.8-percent s t r a i n  at failure amounts t o  about a 5-percent 
s c a t t e r  i n  t e n s i l e  s t rength.  The uniformity of meta l l ic  f i b e r s  should cause t h e  
composites made with them t o  exhibi t  much more uniform propert ies .  

Fiber  or ien ta t ion .  - Although t h e  composites described i n  t h i s  paper con- 
t a ined  continuous and discontinuous f i b e r s  or iented i n  a d i r ec t ion  p a r a l l e l  t o  
t h e  t e n s i l e  axis, t h e  e f f ec t  of f i b e r  or ien ta t ion  on t h e  proper t ies  of com- 
pos i t e s  should be mentioned. Two f i b e r  or ien ta t ions  w i l l  be  considered: random 
and uniaxial .  

From t h e  standpoint of fabr icat ion,  it i s  possible  t o  ge t  much higher f iber  
contents by using uniax ia l  or ie i i ta t ion.  
f i b e r  contents because of arching or "tenting" at the  f i b e r  in te rsec t ions .  

Random or i en ta t  ions usua l ly  have lower 

From t h e  standpoint of mechanical propert ies ,  t h e  or ien ta t ion  of t h e  fibers 
with respect  t o  t h e  t e n s i l e  axis i s  a p r inc ipa l  f a c t o r  influencing t h e  e f f i -  
ciency of reinforcement. 
behavior of composites. 

This may be bes t  i l l u s t r a t e d  by examining t h e  "e l a s t i c "  

The r f e l a s t i c "  behavior of t h e  composites observed i n  t h i s  inves t iga t ion  
agrees q u i t e  wel l  with t h e  values predicted by equation (3). These da ta  s.how 
that t h e  modulus of e l a s t i c i t y  of a composite is  a l i n e a r  funct ion of f i b e r  con- 
t en t .  The f a c t  t h a t  some inves t iga tors  found a l i n e a r  r e l a t i o n  of modulus of 
e l a s t i c i t y  w i t h  f i b e r  content (ref. 7 ) ,  while others  d id  not (refs. 1 2  and 35), 
may be explained by the use of the mathematical ana lys i s  of the transverse,  as 
well  as t h e  longitudinal,  e l a s t i c  proper t ies  of laminates presented i n  r e fe r -  
ence 36. The ca lcu la t ions  i n  reference 36 are based on an epoxy matrix re in-  
forced with music wire of square cross  sect ion.  The equations developed for t h e  



longi tudina l  modulus 
composite i s  a l i n e a r  funct ion of f i b e r  content.  The equations developed f o r  
t h e  t ransverse  modulus 
a l i n e a r  r e l a t ion .  The t r a v e r s e  modulus i s  presented as a funct ion of f i b e r  
geometry, Poisson's r a t i o ,  i n t e r f i b e r  spacing, and volume percent f i b e r .  As  
shown i n  f i g u r e  16, t h e  longi tudina l  modulus v a r i e s  l i n e a r l y  with f i b e r  content, 
while t h e  t r a v e r s e  modulus va r i e s  almost as a hyperbolic function. Although t h e  
equations developed f o r  t h e  t r ansve r se  modulus of composites i n  t h e  case of wires 
of a square cross  sect ion remains r e l a t i v e l y  simple, t he  ca lcu la t ions  f o r  re in-  
forcement with c i r c u l a r  f i b e r s  become complex. Calculations based upon f i b e r s  
of a c i r c u l a r  cross  sec t ion  y ie ld  a curve of t h e  same shape, although displaced 
s l i g h t l y .  The experimental da ta  presented i n  reference 36 f o r  music wire re in-  
forced epoxy laminates showed good agreement with t h e  ca lcu la t ions  presented. 

EL ( p a r a l l e l  t o  t h e  f i b e r  axis) show that t h e  modulus of a 

(perpendicular t o  t h e  f i b e r  a x i s )  d id  not y ie ld  such 

The tungsten-f iber-reinforced copper composites t e s t e d  i n  our inves t iga t ion  
and those  reported i n  reference 7 were composed of longi tudina l ly  or iented 
f i b e r s  and were t e s t e d  i n  t h e  d i r ec t ion  p a r a l l e l  t o  t h e  reinforcement. No com- 
ponent of t h e  t r a v e r s e  modulus would be expected; therefore ,  t h e  modulus should 
follow t h e  r e l a t i o n  predicted f o r  t h e  longi tudina l  modulus. The composites re-  
ported i n  reference 1 2  were composed of randomly oriented, kinked f ibe r s ,  and 
t h e  modulus measured could be considered t o  be a summation of t h e  components of 
IGII and EL of each f i b e r  depending upon i t s  or ien ta t ion .  The da ta  should f a l l  
between t h e  EL and t h e  Q values.  Since composites were t e s t e d  with f i b e r  
contents ranging from 0 t o  50 volume percent f i be r ,  t hese  values should f a l l  on 
a l i n e  p a r a l l e l  t o  t h e  values, but on t h e  lower l e g  of t h e  hyperbola and 
should approximate l i n e a r  behavior. In  f ac t ,  t h i s  is w h a t  appears t o  have 
occurred; however, da t a  are not ava i l ab le  on t h i s  system t o  make an exact 
evaluation. A similar ana lys i s  may be appl ied t o  t h e  da ta  reported i n  r e fe r -  
ence 35, except that t h e r e  was  less deviat ion from longi tudina l  o r i en ta t ion  and 
t h e  modulus values were c loser  t o  t h e  an t ic ipa ted  EL. 

The e f f ec t  of o r i en ta t ion  on t h e  p l a s t i c  proper t ies  of a composite may be 
i l l u s t r a t e d  by t h e  da ta  of reference 1 2  on composites of matrices of copper or 
s i l v e r  re inforced with tungsten, molybdenum, or s t e e l  f i b e r s  ( r e f .  1 2 ) .  In one 
s e r i e s  of composites, a copper m a t r i x  was re inforced with randomly oriented, 
kinked tungsten f i b e r s  of 5 - m i l  diameter. The t e n s i l e  r e s u l t s  obtained f o r  
t hese  composites was  considerably below t h e  r e s u l t s  obtained i n  t h e  inves t iga t ion  
at Lewis where un id i r ec t iona l  reinforcement was used. In  reference 12, a com- 
pos i t e  containing 30 volume percent f i b e r ,  randomly oriented, exhibi ted a ten-  
s i l e  s t r eng th  of 35,000 psi ,  while i n  t h e  inves t iga t ion  at Lewis, a composite 
containing 28 volume percent f i be r ,  un iax ia l ly  oriented, was found t o  have an 
u l t imate  t e n s i l e  s t rength  of 97,500 p s i  ( f i g .  3 ( b ) ) .  
l i t t l e  d i f fe rence  i n  t h e  mater ia l s  used and temperatures encountered during 
fabr ica t ion ,  t h e  d i f fe rences  were probably due t o  t h e  e f f ec t  of or ien ta t ion .  

Since t h e r e  was probably 

From t h i s  it would appear t h a t  t h e  chosen or ien ta t ion  of re inforcing f i b e r s  
should be d i c t a t ed  by t h e  appl ica t ion  involved. 
desired,  then  random or i en ta t ion  should be used. 
or less uniform proper t ies  i n  any direct ion;  however, t h i s  i s  done at t h e  sac r i -  
f i c e  of t h e  m a x i m u m  strengthening p o t e n t i a l  i n  any one d i rec t ion .  
ing i s  such that t h e  load i s  appl ied i n  only one direct ion,  t h e  m a x i m u m  

If i so t rop ic  proper t ies  a r e  
This would tend  t o  give more 

If t h e  load- 



strengthening p o t e n t i a l  of t h e  f iber-reinforced composite could be r ea l i zed  by 
or ien t ing  t h e  f i b e r s  i n  a d i r ec t ion  p a r a l l e l  t o  t h e  d i r ec t ion  of loading. 

CONCLUSIONS 

This inves t iga t ion  of tungst  en-f iber-reinforced copper composites w a s  con- 
ducted t o  determine t h e  s t r e s s - s t r a i n  behavior and t e n s i l e  proper t ies  of metal- 
l i c  composites and t o  r e l a t e  them t o  t h e  proper t ies  of t h e  base mater ia ls .  
Room-temperature t e n s i l e  and dynamic modulus tests were used t o  determine these  
propert ies .  The following conclusions may be drawn: 

1. St re s s - s t r a in  behavior of composites of t h i s  type show t h a t  a l l  s tages  
of deformation may be represented by t h e  following general  equation: 

2. Four s tages  of deformation w e r e  observed. 

(a )  Stage I - Upon ini t ia l  loading, t h e  deformation of t h e  m a t r i x  and 
t h e  f i b e r  i s  e l a s t i c ;  t h e  composite deforms e l a s t i c a l l y .  Behavior i n  t h e  in-  
i t i a l  e l a s t i c  region may be expressed by a form of t h e  general  equation 

(b )  Stage I1 - With increasing s t r e s s ,  t h e  m a t r i x  deforms p l a s t i ca l ly ,  
while t h e  f i b e r  remains e l a s t i c ;  t h e  composite exhib i t s  secondary " e l a s t i c "  be- 
havior. Behavior i n  t h e  secondary e l a s t i c  region may be expressed by a form of 
t h e  general  equation 

( c )  Stage I11 - With increasing s t r e s s ,  t h e  deformation of t h e  f i b e r  
a l so  becomes p l a s t i c ;  t h e  composite deforms p l a s t i c a l l y .  
t i c  region may be expressed by t h e  general  equation. 

Behavior i n  t h e  plas-  

( d )  Stage IV - The fou r th  s t age  represents  deformation i n  which t h e  
f i b e r s  f a i l  at random poin ts  of weakness and an accumulation of random failures 
r e s u l t s  i n  failure of t h e  composite. 

3. The ultFmate t e n s i l e  s t rength  of t h e  composites i s  proport ional  t o  t h e  
f i b e r  content and t h e  proper t ies  of t h e  components as shown by t h e  equation 

u = u A + UmAm * 
c f f  

4. Elongation of t h e  composite, a t  f a i l u r e ,  decreased with increasing f i b e r  
content. 
t e s t e d  individual ly .  

The composite showed g rea t e r  elongation than  t h e  f i b e r s  that had been 
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5. Composites re inforced w i t h  discontinuous fibers were f u l l y  as e f f i c i e n t  
as those  reinforced with continuous f i b e r s  and were found t o  u t i l i z e  t h e  f u l l  
s t r eng th  of t h e  f i b e r s .  
t h e  same behavior as t h a t  predicted by t h e  equations and found t o  hold for 
continuous-f iber-reinforced composites. 

The discontinuous-fiber-reinforced composites displayed 

CONCLUDING REMARKS 

As a r e s u l t  of t h e  analyses of t h e  experimental da ta  obtained i n  t h i s  in- 
ves t iga t ion  and a comparison t o  other  composite systems, it i s  f e l t  t h a t ,  al-  
though some of t h e  concepts developed f o r  t hese  d i f f e ren t  systems a r e  similar, 
t h e r e  a r e  many s i t u a t i o n s  that do not permit t h e  genera l iza t ion  of t hese  con- 
cepts from one system t o  another. In  some cases s i m i l a r i t i e s  do ex is t ,  and 
equations represent ing t h e  behavior of widely dissimilar types of composites may 
be t h e  same; however, other  fac tors ,  unique t o  a p a r t i c u l a r  system, may cause 
l a rge  d i f fe rences  i n  r e s u l t s ,  For example, i n  glass-reinforced p l a s t i c s ,  bond- 
ing d i f f i c u l t i e s  and premature f a i l u r e  due t o  defec ts  a r e  encountered. These 
give r i s e  t o  very high c r i t i c a l  aspect  r a t i o s .  
copper composites, t hese  problems a r e  not near ly  as serious,  r e su l t i ng  i n  much 
lower c r i t i c a l  aspect r a t i o s  f o r  reinforcement. It is expected that other  
me ta l l i c  composites may show similar t rends.  

I n  tungsten-fiber-reinforced 

Composites re inforced with me ta l l i c  f i b e r s  have s t r eng th  values that were 
much more uniform and reproducible than those  reported f o r  glass-reinforced 
p l a s t i c s .  This was due t o  t h e  r e l a t i v e  uniformity of t h e  proper t ies  of t h e  
me ta l l i c  fibers as opposed t o  t h e  s c a t t e r  i n  s t rength  encountered i n  g l a s s  
f i b e r s  or i n  whiskers. 

In  addi t ion,  t h e  o r i en ta t ion  of t h e  f i b e r s  with respect  t o  t h e  t e n s i l e  axis 
would be a p r inc ipa l  f a c t o r  influencing t h e  e f f ic iency  of reinforcement. While 
un iax ia l  o r i en ta t  ion maximizes the  proper t ies  i n  one direct ion,  random orienta-  
t i o n  tends  t o  give t h e  composite more uniform proper t ies  i n  a l l  d i rec t ions ,  but 
at t h e  s a c r i f i c e  of proper t ies  i n  a s ingle  d i rec t ion .  

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, June 4, 1963 
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TABLE I. - TENSILE STRENGTHS OF ZUNGSTFN-FIBER-REINFORCED COPPER COMPOSITES 

( a )  Continuous re inforcement  

0.122 
.116 
.118 
,122 
.116 
,114 
,040  

;pecimen Volume 
number percent  

f i b e r .  

( e )  

pm;~ ; I  111.11 t y p e ! D i a y ; e r ,  1 ,:;;ld ~ T e s t  INumber of1 Te;;s.le 
c a l c u l a t i o n  method w i r e s  s t r e n g t h ,  

c a l c u l a t i o n  
method 

F i b e r  d iameter ,  3 mils 

53. 0x103 

1 4 1 . 3  
166.6 

3-03 
3-04 

73.2 
763 184 .9  ! 130 1240.8 

1 1  i I 

F i b e r  d iameter ,  5 m i l s  

5-01 
5-02 
5-03 
5-04 
5-05 

5-06 
5-07 
5 -08 

5-09 
5-10 
5-11 
5-12 
5-13 
5-14 
5-15 

5-16 
5-17 
5-18 
5-19 
5-20 

5-21 
5-22 
5-23 
5-24 
5-25 

5-26 
5-27 
5-28 
5-29 
5-30 

1 2 . 6  
1 5 . 6  
1 6 . 1  
27 .2  
27 .2  

28.0 
33.6 

33 .9  

40.2 
47.7 

52.7 
53.6 
54.4 
57.2 
57.3 

62 .4  
62.7 
63 .5  
65 .0  
67 .1  

67.4 
68 .1  
69.2 
70 .2  
70 .2  

71.6 
72.4 
72 .9  
75.4 
76.8 

47. 7x103 
5 2 . 0  
63 .5  
98 .3  

100.1 

97 .5  
102.2 
122 .4  

137 .0  
154 .5  

169 .6  
182.2 
188 .4  
178.6 
169.7 

210.9 
215.1 
213.9 
225.7 
231.0 

228.3 
227.7 
235.6 
238.0 
236.4 

242.9 
238.9 
239.9 
249.6 
254.9 

8 5 . 6 ~ 1 0 ~  9 4 . 1  

1 0 4 . 2  
103.5 
163 .2  

175.0 
184.7 
172.4 
197.5 
213.5 

236.7 
201.4 
227.5 
225.1 
255.4 

227.5 
260.3 
246.8 
255.4 
260.1 

0.097 
,089 
,125 
.096 
.096 

.191 

.122 

,113  

.093 

.117 

.113 

.123 

.095 
,116 
.121  

,124 
,077 
, 1 2 1  
.112 
,122  

.119 

.117 

.lo8 

.lo8 

.085 

.116 

.063 

.110 

.127 
,087 

ameter ,  

_ _ _  [:I 177 

( d )  172; 
139 
261 

d 267 
325 

26 .9  
3 2 . 1  
33.7 
34.6 
49.4 

50.5 
58 .9  
5 9 . 5  
6 3 . 3  
64.6 

72.6 
7 3 . 1  
78.7 
80.0 
80.6 

8 3 . 9  
8 4 . 5  
8 6 . 3  
8 7 . 1  
87 .6  

~ 

62 
100 

149 
100 

129 

88; 

1 2 4  
150 
16g 
196 

199 
160 

15  
23 
23 

23 
23 
23 
23 
8 

~ 

7 -01 
7-02 
7-03 
7-04 
7 -05 

7-06 
7-07 
7-08' 
7-09 
7-10 

7-11 
7-12 
7-13 
7-14 
7-15 

7-16 
7-17 
7-18 
7-19 
7-20 

0.122 
.124 
.114 
.121 
.122 

.112 

. l o 2  

.111 

.113 

.123 

.116 

. l o 4  
,0306 
.0375 
.0374 

.0366 

.0365 

.0361 

.0360 
,0198 4 L 

'Rods brazed i n t o  g r i p s  t o  form t e n s i l e  specimens. 
'Area c a l c u l a t e d  from micrometer measurements of diameter .  
d S t r a i n  recorded from extensometer .  
eArea c a l c u l a t e d  from plan imeter  measurements of photographs.  
f S t r a i n  recorded from crosshead movement. 

gVolume percent  f i b e r  c a l c u l a t e d  by s p e c i f i c  g r a v i t y  o r  d e n s i t y  measurements. 

hRods ground i n t o  t e n s i l e  specimens. 
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TABLE 11. - MODULUS OF ELASTICITY OF 

E-13 

I 

Copper 

Specimen 
number 

E-01 
E-02 
E-03 
E-04 
E- 05 

E-06 
E-07 
E-08 
E-09 
E-10 

E-11 
E-12 

TUNGSTEN-FEXR-REIORCED 

COPPER CWOSITES 

(a) Continuous reinforcement 

Volwne percent fiber , 
V I 0  

18.7 
24.3 
26.7 
29.0 
3 2 - 3  

35.9 
55.0 
57.6 
64-9  
66.6 

67.3 
75.5 

Modulus of elasticity, 
psi 

26. 4x106 
26.7 
28.3 
30.0 
29.8 

30.2 
41.6 
41.7 
44.4 
44.3 

45.6 
48.3 
1 7 . 7  
58.8 

(b) Discontinuous reinforcement 

26. W O 6  
28.9 
28.2 
27.9 
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(a) Ground specimen. 

Braze -_ 

(b) Brazed specimen. 

Figure 1. - Sketch of ground tensile specimen and brazed tensile specimen 
showing relation of reinforcing fiber to specimen configuration. 
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Figure 2.  - Effec t  of annealing temperature on t e n s i l e  
s t r e n g t h  and elongat ion of tungsten w i r e s  (annealed f o r  
1 hr i n  vacuum). 
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I Figure 6. - Enlargement of low-strain region of stress-strain curves of tungsten, 
copper, and composites reinforced with tungsten fibers. 
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Figure 7. - Secondary modulus of e l a s t i c i t y  for composites re- 
inforced with tungsten f i b e r s .  
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Figure 8. - Yield s t r e n g t h  (based on secondary modulus) of 
composites re inforced  with cmt inuous  5-mil-diameter'  tungsten 
f ibers  . 
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Figure 9. - Dynamic modulus of elasticity of tungsten, 
copper, and composites reinforced with continuous 
and discontinuous 5-mil-diameter tungsten fibers. 
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Figure 10. - Transverse section of continuous 5-mil-diameter tungsten-fiber- 
reinforced copper composite. Unetched; X50. 
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Figure 11. - Electron photomicrograph of transverse section of continuous 5-mll- 
diameter tungsten-fiber - copper-matrix interface. xZ6,OOO. 
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Figure 13. - S t r e s s - s t r a i n  curve f o r  5-mil-diameter tungsten-f iber-reinforced copper com- 
p o s i t e  upon loading and unloading. Volume percent f iber ,  18 .7 .  
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Figure  14 .  - Schematic loading  diagram of a s e c t i o n  of discontinuous- 
f ibe r - r e in fo rced  composite. 
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Figure 16. - Axial s t i f f n e s s  comparisons fo r  s t e e l -  
epoxy composites with square o r  rectangular f i l a -  
ments I n i t i a l  modulus of e l a s t i c i t y  of f iber ,  
30x10' psi; i n i t i a l  modulus of e l a s t i c i t y  of 
matrix, 0.4~10~ p s i ;  Poisson's r a t i o  of matrix, 
0.34 ( r e f .  33). 
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